ABSTRACT: New vapor−liquid−liquid equilibrium (VLLE) data for methanethiol (CH 3 SH) + methane (CH 4 ) + water (H 2 O) have been obtained at three temperatures (304, 334, and 364 K) and pressures up to 9 MPa. A "static-analytical" method was used to perform all of the measurements. The objective was to provide experimental VLLE data for CH 3 SH with other natural gas contents at its crude form for which limited or no data are available in the open literature. Such kinds of data are required for the industrial modeling of sulfur emissions. It is observed from the experimental data that the solubility of CH 4 in the aqueous and organic phases increases with an increase of the total system pressure and decreases with an increase of the temperature. However, the solubility of CH 3 SH in the aqueous and organic phases decreases slightly with an increase of the total system pressure and increases significantly with an increase of the temperature. The new VLLE data of this ternary system were compared with predictions of the cubic-plus-association equation of state. The model tends to underpredict the concentration of CH 3 SH in all phases, particularly the vapor phase.
INTRODUCTION
Methanethiol (methyl mercaptan) is a common component encountered in natural gas, synthesis gas, and various refinery process streams. Its typical concentration in the host gas stream can range from several parts per million to 50% by volume. 1 Treatment processes need to be designed in order to remove not only H 2 S and CO 2 but also organic sulfur species like methanethiol and other prohibited compounds. This is necessary because regulations for environmental protection force the petroleum industry to decrease the sulfur content in various petroleum fluids. Furthermore, any thiols/mercaptans (RSH), carbonyl sulfide (COS), and carbon disulfide (CS 2 ) not absorbed from the sour gas through the amine purification units complicate the process scheme for downstream liquid treatment units. 2 Knowledge of the phase equilibrium behavior and thermophysical properties of sulfur species mixtures with hydrocarbons/water is important to both process design and product specifications.
This work is a continuation of our previous work 2−4 on the phase equilibrium measurements of systems containing thiols (mercaptans) with water and hydrocarbons. Such kinds of data are highly important for the design of new separation processes and the upgrade of existing processes. In this work, we provide new vapor−liquid−liquid equilibrium (VLLE) data for methanethiol (CH 3 SH) + methane (CH 4 ) + water (H 2 O) at three temperatures (304, 334, and 364 K) and pressures up to 9 MPa. The new VLLE data of these ternary systems were modeled with the cubic-plus-association (CPA) equation of state (EOS) using no adjustable parameters optimized in the ternary system data. The experimental work was carried at Mines ParisTech, where a "static-analytical" technique-based apparatus consisting of an equilibrium cell equipped with one moveable rapid online sampler injector was used. The equipment was the same as that used by Zehioua et al., 5 and the procedure was identical with that of Coquelet et al. 6 The liquid and vapor samples were analyzed using a gas chromatograph (Varian model CP-3800), equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID).
EXPERIMENTAL SECTION
In all experiments at first, H 2 O was loaded into the equilibrium cell in the absence of air followed by CH 3 SH. Then CH 4 was added to reach the desired pressure. The required temperature was obtained by putting the cell into a thermoregulated oil bath. Once equilibrium was achieved; the vapor, aqueous (liquid), and organic (liquid) samples from the equilibrium cell were directly introduced to the gas chromatograph through an isothermally heated transfer line. Two 100 Ω platinum probes (Pt100) were used for temperature measurements: they were inserted inside thermowells drilled into the body of the equilibrium cell at two different levels and connected to an HP data acquisition unit. They were periodically calibrated against a 25 Ω reference platinum resistance thermometer (Tinsley Precision Instruments, France). The resulting accuracy in the temperature measurements was estimated to be within u(T, k = 2) = ±0.04 K. Pressures were measured by means of a Druck pressure transducer at 0.1−10 MPa, which was maintained at 353.15 K. The pressure transducer was calibrated against a dead-weight pressure balance (Desgranges & Huot 5202S, CP 0.3−40 MPa, Aubervilliers, France). Accuracies in the pressure measurements have been estimated to be within u(P, k = 2) = ±0.003 MPa. The gas chromatograph detectors were calibrated using chromatographic syringes with maximum mole number uncertainties of 2% in the TCD and 1.5% in the FID; thus, the maximum uncertainty as mole fraction is u max = 0.006.
The gas chromatograph generated peaks of the individual components [CH 4 (FID), CH 3 SH (FID), and H 2 O (TCD)] at specific retention times, which were recorded using one RS-232 interface. The areas under such peaks correspond to the number of moles of the individual components, which came from the corresponding calibration. Each experimental data point was analyzed more than five times, until we got consistent values. The standard deviation on each experimental datum (σ A ) was calculated and is presented along with experimental data in Table 1 . The method for calculation of the standard deviation on experimental data (σ A ) is reported in our previous article. 2 
MODELING SECTION
The experimental data were modeled using the CPA EOS. The CPA EOS is given in terms of the pressure as a sum of the SRK EOS and an associating contribution in eq 1. The association term in this equation is a simpler but mathematically identical version of the term used in statistical association fluid theory. This form was proposed by Michelsen and Hendriks. 7 The CPA EOS proposed by Kontogeorgis et al. 8, 9 can be expressed for mixtures in terms of pressure P as
where V m is the molar volume. The key element of the association term is X A i , which represents the fraction of sites (type A) on molecule i not bonded with other active sites, while x i is the mole fraction of component i. α(T) and b are the energy and covolume parameters of the SRK term. X A i is related to the association strength Δ A i B j between two sites belonging to two different molecules, e.g., site A on molecule i and site B on molecule j; more details were presented in previous studies. 8, 9 The CPA EOS for thiols (mercaptan-containing systems) was described in our previous publications. 3, 4 The 4C association scheme was used for H 2 O according to the terminology from Huang and Radosz. 10 Furthermore, CH 3 SH was considered to be a non-self-associating fluid but capable of cross associating with H 2 O (solvation). For this reason, one negative association site was assumed on every CH 3 SH molecule. The cross-association parameters were calculated using the Table 3 . The parameters were taken from the literature and applied to predict the VLLE of CH 3 SH + CH 4 + H 2 O.
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RESULTS AND DISCUSSION
In our previous work, 3 we performed CPA calculations for Henry's law constant of methanethiol (MM) in H 2 O 11 as a function of the temperature. It has been observed that, by taking into account the cross-associating effect in the CH 3 SH + H 2 O system, the CPA results were improved. The CH 3 SH + H 2 O system has also been studied and discussed in the literature by Gillespie and Wilson. 11 The authors observed a drastic change in the solubility of CH 3 SH at higher temperature (523−673 K) compared to the lower temperature (313−423 K) data. We did not find any further data in the open literature for the ternary system investigated in this work, so a direct comparison is not possible. It is observed that the solubility of CH 4 in the aqueous and organic phases increases with an increase in the total system pressure and decreases with an increase in the temperature. Furthermore, the solubility of CH 3 SH in the aqueous and organic phases decreases slightly with an increase of the pressure and increases significantly with an increase of the temperature. It has also been observed that the solubility of CH 3 SH is higher than that of CH 4 in the aqueous phase in some cases. The solubilities of H 2 O in the organic and gas phases were not detected by gas chromatography because they were under the limit of detection. The detection limit of the gas chromatograph detectors in terms of mole numbers are as follows: CH 3 SH = 9.78 × 10 . However, Gillespie and Wilson 11 showed that the solubility of H 2 O in the gas phase varies inversely with the system pressure except at temperatures above 422 K. These authors also conclude that the solubility of H 2 O in the liquid phase is slightly lower than the solubility in the vapor phase at three-phase saturation conditions. The CPA EOS predictions for the VLLE of the CH 3 SH + CH 4 + H 2 O ternary system from 1 to 9 MPa pressure at 304, 334, and 364 K are shown in Figures 1−3 , respectively. It is observed that the deviation between the experimental data and the CPA predictions is sometimes higher than 40%. Especially, the CPA EOS predictions for the vapor-phase composition are rather poor. However, one should keep in mind that the CPA results are pure predictions because no parameters were adjusted to the experimental data. From this point of view, the CPA rather satisfactorily predicts the vapor−liquid and vapor− liquid−liquid regions for the CH 3 SH + CH 4 + H 2 O ternary system at 363.68 K and 8.966 MPa, as plotted in Figure 4 , which shows that model can qualitatively predict the complicated three-phase equilibria of this system. a Average absolute deviation (AAD) is defined as % ADD = (1/n)∑ i |(X i cal + X i exp )/X i exp | × 100, where X stands for P Sat or ρ liq and n is the number of experimental data points, Γ is defined as a 0 /Rb where a 0 is the part of energy parameter of the EOS, which is defined using a Soave-type temperature dependency as: a = a 0 (1 + C 1 [1 − √ (Tr]) 2 . H 2 O is modeled using the 4C association scheme. 
CONCLUSION
New VLLE data for CH 3 SH + CH 4 + H 2 O were performed at three temperatures (303, 334, and 364 K) in a pressure range from 1 to 9 MPa. A "static-analytical" method was used successfully to perform all of the measurements. It is concluded that the gas solubility of CH 3 SH is higher than that of CH 4 in the aqueous phase under similar temperature and pressure conditions. The CPA EOS has been applied for the representation of ternary systems containing CH 3 SH. These modeling results for the ternary mixture of CH 4 + CH 3 SH + H 2 O are satisfactory considering that they are predictions without the adjustment of any parameter to the ternary experimental data.
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